Germ cell sex differentiation in the mouse embryo is denoted by meiosis entry in females and mitotic arrest in males. Because p38 mitogen-activated protein kinase (MAPK) signaling initiates mitotic arrest in other differentiating cell types, we investigated its potential role in XY germ cell differentiation in mice. We report that p38 MAPK is phosphorylated and therefore activated only in XY germ cells around the time of sex differentiation. Quantitative RT-PCR analysis showed that 14 known targets of p38 MAPK signaling are expressed in the embryonic gonads at this time and that five of these targets (Mapkapk5, Max, Myc, Hbp1, and Cebpa) have expression profiles similar to that of activated p38 MAPK. Inhibition of p38 MAPK signaling in XY germ cells ex vivo reduced expression of the pluripotency marker POU5F1 and increased the expression of Stra8 and SYCP3, premeiosis and meiosis markers, respectively, to levels approaching those observed in XX germ cells. These data suggest that p38 MAPK signaling antagonizes entry into meiosis in XY germ cells, instead directing them toward mitotic quiescence and a spermatogenic fate.
INTRODUCTION
Germ cells are the precursors of the gametes, which are responsible for conveying DNA from one generation to the next. Following colonization of the embryonic gonads, germ cells (also known at this stage as gonocytes) exhibit a sexually dimorphic developmental pattern, characterized by meiosis entry in the ovary and mitotic arrest in the testis. Differentiation is not cell autonomous but instead is controlled by factors emanating from the somatic environment (for reviews, see McLaren [1] and Bowles and Koopman [2, 3] ). What happens within germ cells on receipt of these somatic cues remains to be investigated.
Recent studies highlight the central role that retinoic acid (RA) plays in initiating meiosis entry in female mouse embryos around 13.5 days postcoitum (dpc) [4, 5] . RA is synthesized in both sexes in the mesonephroi, which lie adjacent to the embryonic gonads, and diffuses or is transported into the developing gonads. Once in the gonads, RA is thought to induce the expression of the gene Stra8, which encodes a protein required for premeiotic DNA replication and subsequent entry into meiosis prophase I [6] [7] [8] . From 13.5 dpc, meiotic germ cells down-regulate the germ-line pluripotency marker Pou5f1 (or Oct4) [9, 10] and up-regulate the meiosis markers Sycp3 (or Sycp3) [11, 12] and Dmc1 [13, 14] , indicating that differentiation has occurred. It has not been determined how RA acts on XX germ cells to up-regulate Stra8 and initiate meiosis.
In male gonads, active removal of RA prevents XY germ cells from entering meiosis [4, 5] . By 12.5 dpc, germ cells are sequestered within testis cords by Sertoli cells (reviewed in Wilhelm et al. [15] ). Sertoli cells express the cytochrome P450 gene Cyp26b1, which encodes a RA-degrading enzyme. As a result of this degradation of RA, XY germ cells do not upregulate Stra8 and do not enter meiosis until after birth [4, 5] . The delay in meiosis entry is evidently necessary for proper testis development in view of the observation that meiotic germ cells have a detrimental effect on testis cord formation [16] .
Instead of entering meiosis around 13.5 dpc, germ cells in XY embryos exit the mitotic cell cycle at the G1 phase and remain quiescent (in G0) until shortly after birth, when they recommence mitotic division and then enter meiosis [17] . The molecular mechanisms underlying entry into mitotic arrest of male germ cells remain unknown. CYP26B1-mediated removal of RA from the testis appears to be required [18] , but it is not known whether CYP26B1 has other direct or indirect influences on XY germ cells to ensure meiosis inhibition and/or mitotic arrest. Moreover, XY germ cell differentiation relies on secretion of other, as-yet-unidentified factors from Sertoli cells via the endosomal transmembrane protein TMEM184A to inhibit meiosis and induce mitotic arrest [19] [20] [21] . These other somatic cues presumably affect germ cell intracellular signaling pathways and ultimately gene transcription.
The p38 mitogen-activated protein kinase (MAPK) intracellular signaling pathway is activated in response to various cellular stresses, inflammatory cytokines, and growth factors (reviewed by Ono and Han [22] , Kyriakis and Avruch [23] , and Zarubin and Han [24] ). Phosphorylation at Thr180 and Tyr182 by upstream MAPK kinases-3, -4, and -6 activates p38 MAPK [25] [26] [27] . Once activated, p38 MAPK either remains in the cytoplasm [28] or is translocated into the nucleus, where it elicits its effects on transcription [29] by phosphorylating downstream target proteins such as kinases and transcription factors. p38 MAPK signaling initiates G1 mitotic arrest in a variety of terminally differentiated cell types [30] [31] [32] [33] [34] [35] , prompting us to determine the expression and activation of p38 MAPK and several of its downstream targets in mouse fetal germ cells during their sex differentiation and to inhibit this signaling pathway in order to examine its potential involvement in regulating the sex-specific differentiation of mouse germ cells.
MATERIALS AND METHODS

Animals
Ethical approval was secured from institutional and state authorities for the use of all mice in this study. Embryos were collected from timed matings, with noon of the day the mating plug was observed designated 0.5 dpc. For more accurate developmental staging, used for microarray studies, the tail somite (ts) stage of each embryo was determined by counting the number of somites posterior to the hind limb [36] . Using this method, 11.5 dpc corresponds to approximately 18 ts, 12.0 dpc to 23 ts, and 12.5 dpc to 28 ts. The X-EGFP transgenic mouse line, constitutively expressing enhanced green fluorescent protein (EGFP) from the X chromosome [37] , was a kind gift from Andras Nagy. For all experiments, X-EGFP males were mated with CD1 females, and embryo sex was determined by EGFP expression, except for fluorescence immunostaining studies and gonadal cell separation experiments, which used only the CD1 outbred mouse strain. Sexing of CD1 embryos was determined by Zfy polymerase chain reaction (PCR) using 5 0 -GACTAGACATGTCT TAACATCTGTCC-3 0 and 3 0 -CCTATTGCATGGACTGCAGCTT AT-5 0 primers [38] .
Embryo and Gonad Collection and Preparation
For the Affymetrix microarray screen, gonads were dissected in ice-cold phosphate-buffered saline (PBS) from X-EGFP mice at 11.5, 12.0, and 13.5 dpc and mesonephroi removed. Sexed gonads (5-10 pairs) were pooled into their relevant sex/age-specific groups in triplicate [39] . For immunofluorescence experiments, 11.5-, 12.5-, and 13.5-dpc CD1 embryos were collected in ice-cold PBS and fixed for several hours with 4% w/v paraformaldehyde (PFA; Sigma-Aldrich) in PBS. Embryos were then paraffin embedded before sectioning (5 lm, sagittal) with a microtome (Leica).
MiniMACS Germ and Gonad Somatic Cell Separation
Gonads were isolated from 12.5-and 13.5-dpc CD1 mice embryos by dissecting in ice-cold PBS. Each cell separation used embryonic gonads pooled from four to six litters and was repeated three times. XX and XY gonads were kept separate with mesonephroi removed. Gonads were rinsed twice with GIBCO cell dissociation buffer (Invitrogen) and incubated with agitation in the dissociation buffer for 5 min at 378C before dissociation using a 21-gauge needle. Dissociated cells were diluted to 1.5 ml with MACS buffer (PBS containing 2 mM ethylenediaminetetraacetic acid [EDTA] and 0.5% w/v bovine serum albumin) and centrifuged at 500 3 g for 10 min at 48C. Pelleted cells were resuspended in 1:50 dilution of rat anti-mouse E-Cadherin (Santa Cruz; 40) in MACS buffer and incubated with agitation for 45 min at 48C. Cells were then washed twice with MACS buffer by centrifugation and incubated in 1:5 dilution goat anti-rat IgG magnetic beads (Miltenyi Biotec) in MACS buffer with agitation for 15 min at 48C. Cells were then washed twice with MACS buffer by centrifugation, resuspended in 1.5 ml MACS buffer, and applied to a presoaked MiniMACS column (Miltenyi Biotec) on magnetic backing. Somatic cells were eluted with 3 ml of MACS buffer, and the column was then removed from the magnetic backing, and germ cells were eluted in 3 ml MACS buffer. Immunologically sorted somatic and germ cells were then centrifuged at 10 000 3 g for 1 min in preparation for immediate RNA extraction and subsequent analysis by quantitative reverse transcription PCR (qRT-PCR).
Purity of the cell populations was determined using qRT-PCR analysis for expression of two germ cell markers, as previously described [40] (data not shown): Ddx4 and Pou5f1 [41, 42] ; two XY somatic cell markers, Sox9 and Hsd3b [43, 44] ; and two XX somatic cell markers, Wnt4 and Fst [45, 46] . The qRT-PCR primers are listed in Table 1 . Based on the expression level of these genes, sample purity was estimated as follows: .95% for each somatic cell population, .75% for each XY germ cell population (possibly due to incomplete dissociation of testis cords), and .90% for each XX germ cell population.
Gonad Explant Culture
Urogenital ridges (UGRs; mesonephros plus gonad complex) were isolated from 11.5-dpc X-EGFP or CD1 embryos by dissecting in GIBCO Leibovitz L- 15 medium (Invitrogen) at room temperature. UGRs from at least two litters were pooled for each of at least three independent culture experiments. XX and XY UGRs were kept separate and cultured in GIBCO Dubelco modified Eagle medium (DMEM) medium containing 10% v/v fetal calf serum and 50 lg/ml ampicillin for 72 h at 378C with 5% CO 2 , as described previously [4, 47] . Culture medium also contained either of the p38 MAPK inhibitors SB202190 or SB203580 (10 lM; Merck [48, 49] ) or equivalent DMSO solvent. Fresh culture media were added daily. For experiments analyzed by qRT-PCR (where good morphology was not critical), UGRs were cultured on polycarbonate filters (5.0 lm; GE Corp.) floating on the appropriate medium. Cultured UGRs were then stored in RNAlater (Applied Biosystems) at 48C in preparation for RNA extraction. For cultures analyzed by immunofluorescence or histological staining (where good morphology was critical), UGRs were suspended on discs of 1.5% w/v Bacto agar (BD) in GIBCO DMEM medium (Invitrogen) that had been pre-equilibrated in the appropriate medium. Cultured UGRs were then fixed with 4% w/v PFA (Sigma-Aldrich) in PBS, embedded in paraffin, and sectioned (5 lm, sagittal) with a microtome (Leica).
RNA Extraction and cDNA Synthesis
For whole-gonad microarrays, total RNA was extracted, amplified, and fragmented as previously described [39] . For immunologically sorted gonadal somatic and germ cells, total RNA was isolated using the RNeasy Micro kit (Qiagen) as per the manufacturer's instructions, including the optional DNaseI step. For cultured UGRs, the SV total RNA isolation system (Promega) was used as per manufacturer instructions. RNA quality and quantity was determined by spectroscopy at 230, 260, and 280 nm using a Nanodrop (Nanodrop Technologies). The cDNA was synthesized from 1 lg RNA by reverse transcription (Superscript III; Invitrogen) using random primers (Promega) according to manufacturer's instruction.
Microarray Screen
The Affymetrix microarray screen has been described previously [39] . Briefly, whole-gonad amplified RNA samples were hybridized with probes affixed to Affymetrix mouse 430v2 chips. Chips were then hybridized before being washed and stained on a Fluidics Station 450 using protocol EukGEWS2v5. Chips were then scanned with an Agilent GeneArray Scanner 3000 and analyzed using DNA-Chip Analyzer software (DChip 2005). Probe sets for the p38 MAPK isoforms were identified in GeneSpring. Results for the seven corresponding probe sets are represented as mean normalized expression 6 SEM. To determine the probability that gene expression differences were due to chance alone, P-values were calculated in DChip using a paired t-test.
Quantitative RT-PCR
All experiments were performed in triplicate and repeated on three independent cDNA samples. Briefly, samples were analyzed in 25-ll reactions containing 1 ll cDNA, SYBR Green PCR master mix (Applied Biosystems), and 150 nM stock of each forward and reverse primer (GeneWorks). Intronspanning primers were designed for each gene using the Universal Probe Library tool (https://www.roche-applied-science.com/sis/rtpcr/upl/adc.jsp) and are available in Table 1 . The ABI Prism-7000 Sequence Detection System (Applied Biosystems) was used to analyze relative cDNA levels. Cycling conditions used an initial 10-min step at 958C followed by 40 cycles of 958C for 15 sec and 608C for 1 min in a two-step thermal cycle. Target cDNA levels were analyzed by the comparative cycle time (Ct) method for qRT-PCR. For immunologically sorted gonadal somatic and germ cells, values were normalized to 18S rRNA (Rn18s) levels. For cultured UGRs, values were normalized to Ddx4 mRNA expression levels. Results are represented as mean 6 SEM, and the Student t-test (two tailed) was used in Excel to calculate a P-FIG. 1. The p38 MAPK transcripts are expressed in embryonic gonads. Graphs show Affymetrix microarray expression levels for p38 MAPK isoforms in XY and XX gonads between 11.5 and 13.5 days postcoitum (dpc). A) Mapk14 was higher in XX gonads at 13.5 dpc (1416703_at); Mapk14 also decreased in XX gonads over the time period analyzed (1416704_at and 1451927_a_at). B) Mapk11 was similar in all gonads (1421925_at and 1421926_at). C) Mapk12 decreased in XY gonads over the time period analyzed (1449283_a_at). D) Mapk13 was consistently higher in XY gonads; Mapk13 also increased in XY gonads over the time period analyzed (1448871_at). Results are represented as mean normalized expression from raw intensity values 6 SEM (n ¼ 3); *P , 0.05, **P , 0.01. All graphs use the same x-axis labels, which are detailed on the bottom graphs.
p38 MAPK PROMOTES XY GERM CELL DIFFERENTIATION value determining the probability that expression differences for each gene were due to chance alone.
The qRT-PCR dissociation curves were analyzed for each primer set to verify the amplification of a single product. Standard electrophoresis protocols using 2% agarose gels were also used to confirm that each primer set amplified a single product of the expected size and to confirm the absence of genomic DNA. Finally, PCR products were gel purified, cloned, and sequenced using standard procedures to confirm that the correct gene was amplified.
Section Immunofluorescence and Histological Analysis
Mouse embryo and cultured UGR sections were dewaxed with xylene and rehydrated through an ethanol series. Immunofluorescence was performed as described previously [50] . Primary antibodies used were anti-phospho p38 MAPK (rabbit monoclonal; Cell Signaling Technology; detects the activated form of all four p38 MAPK isoforms), anti-POU5F1 (OCT4; mouse monoclonal; Santa Cruz) and anti-SYCP3 (SCP3; mouse monoclonal; Abcam), all used at 1:50. Secondary antibodies used were goat anti-rabbit Alexa Fluor 488 (Invitrogen) and goat anti-mouse Alexa Fluor 594 (Invitrogen), used at 1:200. For morphological analysis of cultured UGRs, sections were stained with hematoxylin and eosin (H&E; Sigma-Aldrich). All sections were then mounted in PBS with 60% v/v glycerol.
Immunofluorescence-labeled sections were imaged using an LSM-510 META inverted confocal microscope (Zeiss). H&E section images were captured on an Olympus BX51 bright-field/dark-field microscope. Photographs were taken with an Olympus DP-70 camera using the default settings of the Olympus software DP Controller (version 2.1.1.183). Representative images from one of three experiments are presented.
RESULTS
Expression of p38 MAPK Isoforms in Whole Embryonic Gonads
In order to test the hypothesis that p38 MAPK might be involved in sex-specific differentiation of fetal germ cells, we first determined expression levels for genes encoding p38 MAPK isoforms in mouse embryonic gonads around the time of germ cell differentiation. We extracted total RNA from gonads aged 11.5-13.5 dpc and performed a microarray expression screen using the Affymetrix mouse 430v2 chip set representing over 45 000 transcripts. All p38 MAPK isoform genes (a, b, c, and d, corresponding to Mapk14, Mapk11, Mapk12, and Mapk13) were represented on the microarray chip set. All isoforms were expressed in both XX and XY gonads throughout the period examined (Fig. 1, A-D) ; levels of Mapk12 mRNA decreased ;30% in XY gonads during this period (Fig. 1C) . Only Mapk13 showed consistent evidence of differential expression levels between XX and XY at all stages examined (Fig. 1D) . 
and somatic cells (Soma) were immunologically sorted at 12.5 and 13.5 days postcoitum (dpc), and expression levels for p38 MAPK isoforms were determined by quantitative reverse transcription PCR. A) Mapk14 was consistently higher in XX germ cells. B) Mapk11 was higher in XY germ cells at 13.5 dpc; Mapk11 also decreased in XX germ cells over the time period analyzed. C) Mapk12 was similar in all germ cells. D) Mapk13 was consistently higher in XY germ and somatic cells. Results are represented as mean expression relative to Rn18s 6 SEM (n ¼ 3); *P , 0.05, **P , 0.01. All graphs use the same x-axis labels, which are detailed on the bottom graphs. 
Expression of p38 MAPK Isoforms in Immunologically Sorted Fetal Germ Cells
To confirm expression and to determine gene expression levels for the four p38 MAPK isoforms specifically in differentiating germ cells, we isolated RNA from immunologically sorted germ and somatic cell components of XY and XX gonads at 12.5 and 13.5 dpc and performed qRT-PCR. Results were normalized to the expression of 18S rRNA (Rn18s) to control for cell number.
Expression of all four isoforms was observed in embryonic testes and ovaries during germ cell differentiation (Fig. 2) .
Mapk14 was consistently elevated over twofold in XX germ cells relative to XY germ cells and relative to somatic cells of both sexes (Fig. 2A) . Mapk11 was expressed more abundantly in XY than in XX germ cells but tended to be more strongly expressed still in somatic cells (Fig. 2B) . Mapk12 was not sexspecifically expressed in germ cells but was more robustly expressed in XX somatic cells relative to XY (Fig. 2C) . Finally, Mapk13 was expressed at higher levels in XY germ cells relative to XX and also in XY somatic cells relative to XX (Fig. 2D ). Taking into consideration the level of expression of each isoform in the somatic cell preparations and the estimated proportion of somatic cell contamination in the germ cell   FIG. 4 . The p38 MAPK targets are expressed in fetal germ cells. Germ cells (GC) and somatic cells (Soma) were immunologically sorted at 12.5 and 13.5 days postcoitum (dpc), and expression levels for p38 MAPK targets were determined by quantitative reverse transcription PCR. A-N) Mapkapk5, Max, Myc, Hbp1, Cebpa, Msk1, Mycn, Elk1, Ets1, Atf2, Stat1, Sp1, Cdkn1a, and Mapt, respectively. Results are represented as mean expression relative to Rn18s 6 SEM (n ¼ 3); *P , 0.05, **P , 0.01. All graphs use the same X-axis labels, which are detailed on the bottom graphs.
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preparations, the expression differences in germ cells as noted previously cannot be due simply to somatic cell contamination. These data confirm that all p38 MAPK isoform transcripts are expressed in immunologically sorted fetal germ cells, in addition to somatic cells of the gonads, at the time of sex differentiation.
p38 MAP Kinases Are Activated in Male Germ Cells Before Sex Differentiation
Expression of p38 MAPK genes does not necessarily mean that the corresponding proteins are expressed and functionally active. To analyze the expression of the active p38 MAPK protein in embryonic gonads, we sectioned XY and XX mouse embryos at 11.5-13.5 dpc and performed two-color immunofluorescence analysis with antibodies directed against POU5F1 to identify undifferentiated germ cells and phospho-p38 MAPK to specifically detect the activated kinase (Fig. 3) . As expected, POU5F1 expression was observed in germ cell nuclei at all developmental stages studied, with fewer POU5F1-positive germ cells found in 13.5-dpc ovaries concomitant with their entry into meiosis at this time. This analysis revealed that phosphorylated p38 MAPK was absent from germ cell nuclei of both sexes at 11.5 dpc and was present in XY but not XX germ cell nuclei from 12.5 dpc on, with ;80% of 12.5-dpc and 95% of 13.5-dpc XY germ cells expressing phospho-p38 MAPK (Fig. 3, insets) . The coexpression of phospho-p38 MAPK with POU5F1 indicates that the kinase signaling pathway is activated in germ cells prior to their sex differentiation, suggesting that p38 MAPK signaling is causally related to rather than a consequence of germ cell sex differentiation.
Expression of p38 MAPK Downstream Targets in Immunologically Sorted Fetal Germ Cells
Next, we analyzed the expression of p38 MAPK signaling targets at the transcript level by performing qRT-PCR on immunologically sorted germ and gonad somatic cells at 12.5 and 13.5 dpc. Results were normalized to the expression of 18S rRNA (Rn18s). Expression of 14 targets including kinases (Mapkapk5 and Rps6ka5), transcription factors (Max, Myc, Mycn, Hbp1, Cebpa, Elk1, Ets1, Atf2, Stat1, and Sp1), and others (Cdkn1a and Mapt) was observed in embryonic XY and XX gonads (Fig. 4 ). Taking into account the level of expression of each target in somatic cell preparations and the approximate percentage of somatic contamination in each germ cell preparation, the expression differences observed in germ cell preparations cannot be attributed solely to somatic cell contamination. Among the 14 targets, five (Mapkapk5, Max, Myc, Hbp1, and Cebpa) exhibited an expression profile reflecting that of activated p38 MAPK insomuch as they were sex-specifically up-regulated in XY germ cells. This suggests that these are most likely to mediate the sex-specific effects of p38 MAPK signaling during germ cell differentiation.
Inhibition of p38 MAPK Activity in XY Germ Cells Alters Their Differentiation
Expression of activated p38 MAPK in testicular germ cells at the time of their differentiation suggests a role for this MAPK in promoting or maintaining their male-specific development, namely, maintenance of Pou5f1 expression, mitotic quiescence, and avoidance of meiosis. To test this hypothesis, we cultured 11.5-dpc gonads and adjacent mesonephroi for 72 h and inhibited activation of p38 MAPK using the specific inhibitors SB202190 or SB203580 [48, 49] . To assess germ cell differentiation, we measured Pou5f1 transcript expression by qRT-PCR, normalized to the expression of Ddx4, a gene expressed only by germ cells within the developing gonad [42] , to control for germ cell number [4] . Both p38 MAPK inhibitor treatments decreased Pou5f1 expression ;50% in XY germ cells, consistent with promotion of the female pathway of germ cell differentiation (Fig. 5A) .
To confirm this result at the protein level, we performed POU5F1 immunofluorescence on control and inhibitor-treated, cultured gonads. While most germ cell nuclei expressed POU5F1 in control XY gonad cultures, few POU5F1-positive germ cell nuclei were found in inhibitor-treated testes (Fig. 5B) . In control and inhibitor-treated XX gonads, few germ cell nuclei expressed POU5F1, as expected. These data suggest that p38 MAPK signaling may be needed for continued POU5F1 expression and therefore male-specific differentiation of XY germ cells.
Inhibition of p38 MAPK Activity in XY Germ Cells Initiates Meiosis Entry
To determine if blockade of p38 MAPK signaling not only suppresses male differentiation of germ cells but also promotes their differentiation along the female pathway (i.e., entry into meiosis), we used the same inhibitor-treated gonadal organ culture system and measured Stra8 and Sycp3 transcript expression by qRT-PCR and normalized to the expression of Ddx4. The p38 MAPK inhibitor affected neither Stra8 nor Sycp3 expression in XX germ cells (Fig. 6A) . However, the addition of either of the p38 MAPK inhibitors to XY gonadal cultures significantly increased the expression of both Stra8 and Sycp3 (Fig. 6A) . The proportionally greater increase in expression of the premeiosis marker (Stra8) compared to the meiosis marker (Sycp3) suggests either that entry into meiosis in inhibitor-treated XY germ cells may be delayed compared to that observed in control females (perhaps because of the ex vivo culturing conditions) or that the inhibitor-treated XY germ cells up-regulate Stra8 but require additional signals to upregulate Sycp3 and enter meiosis.
To verify this result at the protein level, we sectioned and performed immunofluorescence on control and SB203580 inhibitor-treated cultured gonad explants with a SYCP3 antibody. As expected, SYCP3 was expressed at high levels in germ cell nuclei of both treated and untreated XX gonads. Few germ cells in untreated XY gonads expressed SYCP3 in the nucleus, but SYCP3-positive germ cell nuclei were readily detectable in inhibitor-treated XY gonads (Fig. 6B) . A low level of nonspecific, cytoplasmic staining was also observed in all samples (Fig. 6B, XY DMSO inset) . Further, germ cell morphology was analyzed following control and inhibitor treatments. In cultures of XY gonads with control medium, germ cells presented a typical, resting morphology (Fig. 6C , white arrows), and meiosis was rarely observed. In cultures of XY gonads exposed to SB203580, germ cells exhibiting meiotic characteristics such as chromatin condensation were commonly observed, similar to those found in XX gonads (Fig.  6C, black arrows) . Collectively, these findings imply that p38 MAPK signaling normally suppresses Stra8 and SYCP3 expression, thereby inhibiting meiosis entry while maintaining POU5F1 expression in XY germ cells.
DISCUSSION
In this study, we analyzed the expression and function of p38 MAPK in embryonic gonads during the germ cell sex differentiation period. We demonstrated for the first time that p38 MAPK is activated specifically in XY germ cells and that induced loss of p38 MAPK signaling initiates a female-like expression pattern of germ cell differentiation markers and entry into meiosis. Our data suggest a role for p38 MAPK in preventing meiosis in testicular germ cells and possibly inducing mitotic arrest.
In the p38 MAPK signaling cascade, various extracellular stimuli such as cellular stresses, cytokines, and growth factors activate different upstream members of the pathway before eventually activating p38 MAPK (reviewed by Ono and Han [22] , Kyriakis and Avruch [23] , and Zarubin and Han J [24] ). For example, hypoxic environmental conditions have been shown to activate p38 MAPK signaling [51] . Unlike germ cells in an embryonic ovary, which are relatively evenly distributed, male germ cells are sequestered within testis cords at the time of their differentiation, effectively barricading them from the interstitial environment. Testicular somatic cells also proliferate rapidly compared to ovarian somatic cells at the time of germ cell differentiation (reviewed by Wilhelm et al. [15] ). It remains to be investigated whether this combination of circumstances causes hypoxic conditions within the lumen of the testis cords, which in turn may activate p38 MAPK and contribute to inhibiting entry into meiosis.
A host of growth factors, including KIT ligand (KITL) and fibroblast growth factors (FGFs), also activate p38 MAPK [52, 53] . A complex, combined role for FGF4, FGF8, and KITL has been shown to regulate fetal germ cell proliferation in both sexes [54] . Whether KITL and/or FGFs signal to p38 MAPK in XY germ cells, inhibiting meiosis and causing mitotic arrest, requires further analysis. It does seem clear, however, that secretion of some factors from Sertoli cells via the transmembrane protein TMEM184A is an important determinant of sex- p38 MAPK PROMOTES XY GERM CELL DIFFERENTIATION specific germ cell behavior [20, 21] . In the ovary, these somatic signals/cellular stresses are either absent or not transduced because of the lack of necessary proteins such as TMEM184A. Whether TMEM184A signal(s) can activate p38 MAPK signaling warrants further investigation. Gerits and coworkers [55] reviewed homozygous null mutant phenotypes for all known p38 MAPK pathway members, including upstream activators and downstream kinase substrates. Most mutant mouse models were either embryonic lethal or viable and fertile, with no mention of reproductive defects. It is therefore likely that there is a substantial element of redundancy between pathway members at each step of the signaling cascade, including the four isoforms of p38 MAPK. In view of the relative levels of gene expression revealed by the microarray and qRT-PCR experiments described here, the immunofluorescence data for phospho-p38 MAPK suggest that it is the p38b (MAPK11) and/or p38d (MAPK13) isoforms that are predominantly activated in XY germ cells. Further analysis, with phosphospecific antibodies for each isoform, is required to confirm the activity of each isoform.
The gene encoding c-JUN N-terminal kinase 1 (JNK)-associated leucine zipper protein (JLP, also known as sperm associated antigen 9, Spag9) was ablated in mice [56] . SPAG9 is a scaffolding protein required for both p38 MAPK and JNK signaling. Spag9 À/À mutant XY animals were subfertile, indicating the importance of this scaffolding protein and its role in facilitating p38 MAPK and possibly JNK signaling in XY germ cell development. This mutant model provided a tentative in vivo link between p38 MAPK signaling and male reproductive competence.
Consistent with our findings, Bogani et al. [57] recently demonstrated that phospho-p38 MAPK is expressed in mitotically dividing cells in the mouse testis around 12 dpc. These workers showed that p38 MAPK signaling regulates Sry expression during early XY somatic gonad development and that in vivo loss of function of the gene encoding the upstream kinase, MAP3K4, and/or inhibition of p38 MAPK signaling in ex vivo gonad cultures caused male-to-female somatic gonad and germ cell sex reversal [57] . Hence, we cannot completely exclude possible indirect effects on the germ line mediated by effects on somatic cells in our inhibitor-treated gonad culture studies. However, gonads for these ex vivo experiments were dissected at 11.5 dpc, the time when Sry expression already has reached its maximum, making it likely that the observed effects are a direct effect on germ cell differentiation rather than an indirect effect through inhibition of Sry expression. Collectively these results may imply a dual function for p38 MAPK signaling both in early somatic testis development and in later XY germ cell meiosis inhibition.
What is the mechanism by which p38 MAP kinase acts in germ cells? In addition to the RA/Cyp26b1 somatic control of meiosis induction [4, 5] , our data suggest that p38 MAPK signaling also acts to maintain POU5F1 expression and repress Stra8 and SYCP3 expression in XY germ cells. Specifically, we show that inhibition of p38 MAPK down-regulates POU5F1 expression and up-regulates Stra8 and SYCP3 expression in XY germ cells. Whether Pou5f1, Stra8, and/or Sycp3 gene transcription can be regulated by p38 MAPK targets has not yet been investigated.
We confirmed expression of 14 known p38 MAPK targets at the mRNA level in testicular germ cells during the differentiation period. Phosphospecific antibodies for each target, and particularly MAPKAPK5, MAX, MYC, HBP1, and CEBPA, are now required to determine whether they are also functionally active. Of these targets, Mapkapk5 null mutant mice are viable and fertile [58, 59] , suggesting either a lack of function in the testis or redundancy with other MKs, whereas Cebpa homozygous mice die shortly after birth [60, 61] , but an embryonic gonad phenotype was not described, making any gonadal function difficult to ascertain. Further analysis is needed to determine whether XY germ cell differentiation is regulated by p38 MAPK-mediated MAPKAPK5 and/or CEBPA activity.
We showed that the proto-oncogene Myc was downregulated and that the related gene Max was up-regulated in differentiating testicular germ cells, which might represent the molecular mechanism of male germ cell differentiation. MYC and MAX are basic helix-loop-helix/leucine zipper (bHLH/LZ) proteins that dimerize and bind DNA to regulate transcription [62] . MYC/MAX heterodimers exhibit sequence-specific DNA binding with greater affinity than MYC homodimers. MAX also forms homodimers that recognize the same target sequence as MYC/MAX heterodimers but that are unable to function as transcriptional activators [63, 64] . The protooncogene MYC is one of the most important genes controlling cell division and differentiation [65] . Indeed, Myc null mutant mice are embryonic lethal by 10.5 dpc [66, 67] , and Max null mutant mice are embryonic lethal by 6.5 dpc [68] , so the function of these genes in the embryonic gonads has not been determined. Furthermore, the transcription factors MYC and MAX are directly phosphorylated by p38 MAPK in various cell types [69] [70] [71] [72] , raising the possibility that this might translate into altered transcription of cell cycle genes in XY germ cells.
Of the p38 MAPK targets, the gene encoding the transcriptional repressor Hbp1 was up-regulated in XY germ and somatic cells at the time of germ cell differentiation, which might represent another means of cell cycle control in differentiating testicular germ cells. These data are consistent with previous reports of testis-specific, germ cell-dependent expression of Hbp1 [73, 74] . HBP1 protein is stabilized via p38 MAPK-mediated phosphorylation, resulting in G1 mitotic arrest in a range of terminally differentiating cells [35, 75, 76] . Hbp1 has not yet been ablated in mice, and additional analysis is required to determine whether mitotic arrest in XY germ cells results from p38 MAPK-mediated MYC/MAX and/ or HBP1 activity or from other male-specific stimuli.
